INTRODUCTION
Although studies of assimilation of felsic material in mafic silicate liquids have become increasingly popular and fruitful in the past few years, (e.g., Grove et al. 1982; DePaolo 1981a; Watson 1982a; Watson and Jurewicz 1984), little attention has been paid to the assimilation of mafic and ultramafic rocks. However, such a process could be important in the evolution of some rock series. Whereas assimilation of crustal material is limited by the thermal requirements of heating wall rock to magmatic temperatures, assimilation of ultramafic rock by fractionating magma in the upper mantle is subject to no such constraint. Nevertheless, there is an instinctive resistance to considering the effect of assimilation of refractory rock in more "felsic" liquids at temperatures below the solidus for the rock. As shown by Bowen (1922a), there is no theoretical basis for this reluctance.
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0022-1376/86/9406-001$1.00 uid will react with the liquid. Bowen observed that the heats of mixing in silicate liquid systems were negligible in comparison with the heats of fusion of most silicate minerals. The enthalpy change during assimilation reactions at constant temperature can be approximated by the difference between the heat of fusion of the assimilate and the heat of crystallization of phases with which the magma is saturated. If the solid to be dissolved is below its melting temperature, and if the magma is saturated in less refractory members of the same reaction series (Bowen 1922b), then dissolution results in crystallization of an energetically equivalent mass of saturated phases, the mass crystallized generally being larger than the mass dissolved. These considerations are not path dependent. It is equally valid to view such reactions as addition of liquid components to a refractory solid phase, decreasing the mass of liquid and increasing that of the solid. As long as the mass assimilated is small relative to the mass crystallized, reactions between mantle peridotite and basaltic magma involve a decrease in the entropy and volume of the solidliquid system; i.e., reactions will often be exothermic at constant temperature. (Note that this reasoning does not apply to assimilation of phases across a cotectic "valley" in 829 the liquidus surface or to assimilation of less refractory phases in a reaction series. In general, AH = Ma . AH -Mc . A1H, where AH is the reaction enthalpy, Ma is the mass assimilated, Mc the mass crystallized, and AH and A/H are the apparent enthalpies of fusion, per gram, for the assimilate and precipitate at the temperature of reaction. Assimilation reactions are exothermic when Ma/Mc AH / AHJ < 1, and endothermic when this term is greater than one.)
Formation of pyroxenite by reaction between mantle peridotite and more felsic magma has been proposed on a plate tectonic scale by Ringwood (1974) , experimentally demonstrated on a microscopic scale by Sekine and Wyllie (1982, 1983) , and invoked to explain map and outcrop scale contact relations by Ramp (1975) There is little doubt that primary magmas in volcanic arcs are derived from, or at least pass through, the mantle. The scarcity of tectonite lherzolite and harzburgite xenoliths has generally been ascribed to the slow rate of ascent of arc magma as compared to continental, alkalic basalts which rise rapidly from the mantle and are typically richer in such inclusions. Another, related possibility is that much of the upper mantle in mature volcanic arcs has been so thoroughly altered by slow moving melts that it does not preserve the characteristic texture and mineralogy of oceanic upper mantle. Xenoliths derived from such altered mantle will be petrographically similar to magmatic cumulates.
Gill (1981) summarized data on the seismic refraction profiles of volcanic arcs. "Typical" oceanic crust is about 8 km thick, whereas island arc crust extends to at least 15 km and as much as 30 km depth in some arcs. The thickening of island arc crust has been ascribed to accumulation of a volcanosedimentary pile at the surface, coupled with "underplating" of gabbroic cumulates in magma chambers at depth (e.g., Kuno 1968; Conrad and Kay 1984). However, the formation of pyroxenite and gabbroic rocks with appropriate seismic velocities might also be due, in part, to reaction between mantle and magma en route to the surface.
If such "hybridization" reactions do occur, they would have an effect on the thermal structure of subduction-related magmatic arcs. Most dehydration and melting reactions result in positive changes in entropy and volume, (except at very high pressure), and thus are endothermic. The absorption of heat by dehydration reactions in the underthrust plate in subduction zones has been considered an important parameter in determining the geothermal gradient at convergent margins (Anderson et al. 1976 (Anderson et al. , 1978 . Most of the fluid evolved from the downgoing slab must react with rock above the subduction zone. The high geothermal gradient observed in magmatic arcs may be due to addition of H20, silica, and alkalis to the mantle wedge. Heat supplied by exothermic hydration and "silicification" reactions could initially increase the temperature of parts of the mantlemagma system, until temperature is buffered by the heat of fusion near the solidus of the modified mantle.
"RATE" OF ASSIMILATION VS. CRYSTALLIZATION
The limiting factors in assimilation processes include: (1) the ratio of mass assimilated to mass crystallized (Ma/Mc; note that this ratio can be thought of as a mass balance or as the integrated ratio of the rate of assimilation, dMa/dt, divided by the rate of crystallization, dMc/dt) and (2) the ability of a magma to react with a significant fraction of the host rock. These two factors are linked: if rapid crystallization armors the host in new material, no assimilation of the original wall rock will occur. The crystallization rate is largely a function of the rate of temperature change. When temperature is constant, the rate of crystallization may be very slow and equal to the rate of assimilation for a magma in major element equilibrium with its host (Ma/Mc = 1). Under conditions of rapidly falling temperature where the wall rock is considerably cooler than the melt, rapid crystallization will be coupled with very slow assimilation. Finally, if Ma/Mc is small and the magma can react with a sufficiently large mass of wall rock, then the process of combined assimilation and crystallization will produce potentially important solid products but will not be expressed in compositional variation in those magma series which reach the surface of the earth.
The ability of a melt to infiltrate its host rock becomes important when the rate of crystallization is slow. Watson (1982b) and Stolper (1980) In iron-bearing systems, assimilation of forsterite by liquids in the low-Ca pyroxene field would lead to crystallization of a low-Ca pyroxene which might not lie in the ternary plane and could be substantially displaced from MgSiO3 toward the MO apex. As a consequence, the ratio Ma/Mc would generally be somewhat smaller than that given on the contoured diagram. Nevertheless, we can see that Ma/Mc for reaction (1) could plausibly vary from less than 0.1 to 1.0 or more in some simple ternary systems; values of 0.4 to 0.8 are likely for natural systems.
We have considered the reaction Fo + liq = En as an example because of the great body of data available on ternary Fo-SiO2-MO systems. Other reactions are likely to be at least as important in mantle-magma systems. In fractionating basalts saturated with olivine, for instance, the most important of these is:
(2) olivine1 + liquid1 = olivine2 + liquid2 where olivine produced is richer in iron than olivine consumed, and Ma/Mc is slightly less than 1.
For liquids saturated with high-Ca pyroxene and/or plagioclase, and not with olivine or low-Ca pyroxene, the ratio Ma/Mc at constant temperature may be very large. In the ternary system forsterite-anorthite-diopside (determined by Osborn and Tait tionation, the abundance of incompatible elements in the liquid increases exponentially while the abundance of compatible elements reaches a steady state. It is desirable to use a method for displaying such relationships which is independent of the fraction of liquid remaining in the system, since this is rarely known for members of a given igneous rock series. One way to do this is simply to compare the (log) abundance of an incompatible element to that of some compatible element on a "magma evolution diagram," as in figure  5 . The combined assimilation and fractionation cases form a distinctive signature quite different from that generated by crystal fractionation alone. In these examples, the value of D has been taken as equal to Ca/Cmo; that is, the magma and the assimilate are taken to be in chemical equilibrium at the beginning of the process, prior to fractional crystallization. Nothing in 
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Chemical variation diagrams of intrusive rock series are difficult to interpret since the bulk compositions of the rocks, especially the more mafic examples, do not represent liquid compositions. For this reason, it might be better to plot well characterized volcanic rock series. However, a given volcanic center may include rocks derived from several distinct magma series. Furthermore, more primitive members of a particular fractionation series may not be represented. If fractionation and assimilation proceed rapidly relative to the rate of ascent, then parental melts for some volcanic series may never reach the surface. Where primitive members of magma series do reach the surface, very little assimilation of mantle material is to be expected.
Plots of rocks from subduction-related volcanic centers yield mixed results; some appear to form a straight-line, crystal fractionation trend on the diagrams, and none show the smooth trend formed by the intrusive suites described above. Most common is wide variation in incompatible element concentration in the more magnesian rocks, followed by a trend attributable to crystal fractionation for the more evolved rocks. A typical example, using analyses of Quaternary volcanic rocks from Northeast Japan, is shown in figure 11 , and one possible interpretation is shown in the inset. The "noisy" pattern in rocks with high MgO could be due to variable rates of assimilation and variable composition of the assimilate affecting different batches of magma erupted in the same volcanic zone. Alternatively, the pattern could be explained as the result of: (1) Where basaltic magma undergoes fractionation in the upper mantle, and wall rock temperatures approach magmatic temperatures, assimilation of ultramafic rock must occur. This process may be quantitatively important, altering the nature of magmatic arc lithosphere and profoundly influencing the liquid line of descent. Further evaluation of this hypothesis requires field tests in areas with unequivocal evidence of assimilation of ultramafic rock in fractionating magma. Study of plutonic contact zones provides such an opportunity; variation in derivative magma composition may be monitored, in a relative sense, as a function of mineral trace element concentration. This approach could also be used to study xenolith suites from subduction-related volcanic arcs.
